Over the last few years, the directed self-assembly of block copolymers by surface patterns has transitioned from academic curiosity to viable contender for commercial fabrication of nextgeneration nanocircuits by lithography. Recently, it has become apparent that kinetics, and not only thermodynamics, plays a key role for the ability of a polymeric material to self-assemble into a perfect, defect-free ordered state. Perfection, in this context, implies not more than one defect, with characteristic dimensions on the order of 5 nm, over a sample area as large as 100 cm 2 . In this work, we identify the key pathways and the corresponding free energy barriers for eliminating defects, and we demonstrate that an extraordinarily large thermodynamic driving force is not necessarily sufficient for their removal. By adopting a concerted computational and experimental approach, we explain the molecular origins of these barriers and how they depend on material characteristics, and we propose strategies designed to overcome them. The validity of our conclusions for industrially relevant patterning processes is established by relying on instruments and assembly lines that are only available at state-of-the-art fabrication facilities, and, through this confluence of fundamental and applied research, we are able to discern the evolution of morphology at the smallest relevant length scales-a handful of nanometers-and present a view of defect annihilation in directed self-assembly at an unprecedented level of detail.
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directed self-assembly | copolymer | defect | minimum free energy path | string method O ver the last decade, the directed self-assembly (DSA) of block copolymers has rapidly evolved from mere intellectual curiosity (1) (2) (3) (4) to a potentially crucial step in the commercial fabrication of next-generation electronic circuits. Indeed, the characteristic length scale of ordered self-assembled copolymer domains is in the range of 5-50 nm. Furthermore, their size and shape can be manipulated through simple processing steps, thereby making them attractive for the production of semiconductor devices, nanofluidic devices, or high-density storage media (5, 6) . The general idea behind copolymer DSA is that a surface patternchemical or topographic-can be used to guide the assembly of a polymeric material into an ordered, device-like structure that is free of defects. In so-called "density multiplication" patterning strategies (7, 8) , the spacing or pitch of the surface features can be much larger than the characteristic dimensions of the copolymer of interest. One can thus prepare coarse surface patterns, which are easier to create, and rely on the copolymer to self-assemble into features whose density is considerably larger. Fig. 1 shows a schematic representation of the process for obtaining a lamellar morphology on a stripe-patterned substrate under a one-to-three (or 3X) density multiplication strategy. Patterned stripes interact preferentially with one of the blocks and guide the assembly of thin copolymer films into ordered lamellae that are perpendicular to the substrate. Because the glass transition temperature of polymers is often well above room temperature, DSA is generally enabled by elevated temperatures (thermal annealing), by addition of solvents (solvent annealing), or through combined strategies (9) .
Because of its simplicity, thermal annealing remains the more widely studied means for achieving perfect assembly, and, for that reason, it is also the approach considered here. Also note that recent studies indicate that results for solvent annealing can be mapped onto those of thermal annealing (10) through the proper renormalization of material parameters (11) . Fig. 1 shows an experimental scanning electron microscopy (SEM) image where, after thermal annealing, one can appreciate large areas of ordered lamellae that are interdispersed with rare, isolated defects.
The original literature on copolymer lithography implicitly assumed that the final morphologies that emerge in DSA represent equilibrium states of the material. Recent studies have challenged that view and suggest that DSA structures often represent metastable states of matter, whose characteristics depend on the process of assembly. For applications in the semiconductor industry, defects can only be tolerated at the level of approximately one per 100 cm 2 area. Experimentally observed defect densities, however, can be much higher than those predicted from the corresponding defect free energies, which are on the order of hundreds of thermal energy units, k B T (12, 13) . Experiments also indicate that, for long annealing times, defect density decays with temperature (14) . Taken together, such observations lead us to believe that the defects that arise in DSA represent kinetically trapped, Significance A molecular model is used to calculate the free energy of formation of ordered and disordered copolymer morphologies. We rely on advanced methodologies to identify the minimum free energy pathways that connect such states of the material. Our predictions for defect formation and annealing are compared with experimental observations. Our results provide a detailed molecular view of isolated block copolymer defects, which measure approximately 5 nm and represent isolated events in large areas. They are true "needles in the hay stack" that can only be studied by concerted molecular simulations and dedicated access to production-level fabrication tools. We show that defect annealing is an activated process, where defects are eliminated by operating near the order−disorder transition. nonequilibrium structures that cannot be explained by equilibrium thermodynamics alone. For emerging applications in nanotechnology, it is essential that their stability and, more importantly, their pathways for removal be understood.
In this study, we address three fundamental questions that are central to deployment of DSA in commercial technologies: (i) What is the free energy of defects in DSA during density multiplication? (ii) Is defect removal an activated process and, if so, (iii) how do the kinetic pathways for defect removal depend on material and pattern characteristics? To examine these issues, we rely on experiments and a 3D model of the thermodynamics and kinetics of the copolymer. We evaluate the free energy landscape as a function of the local composition, and we identify the minimum free energy paths (MFEP) between defective and ordered states, along with underlying transition states or saddle points. The results of simulations are validated through comparison with detailed images from fully 3D, transmission-electron-microscopy (TEM) tomography in thin copolymer films. We conclude this introductory section by noting that although our focus is thermal annealing, a future study will consider the more specialized problem of how thermal pathways can be altered (or not) through controlled addition of solvents (11, 15, 16) .
Model and Methods
The model considered here relies on a particle-based representation of the copolymer molecules but adopts the same Hamiltonian H as that generally used in self-consistent field theory (17, 18) . Such a model has been described in the literature and need not be recounted here. For completeness, however, a more extensive discussion is provided in SI Text. Importantly, the model has been shown to provide a representation of copolymer thin films that is in good agreement with available experimental data (19, 20) . We rely on the string method to identify the MFEP between two metastable states on a free energy landscape (21) (22) (23) (24) (25) (26) (27) ). An initial string is constructed by linear interpolation between the two end states. In this work, we connect a defective morphology, α = 0, and a defect-free lamellar morphology, α = 1. As explained in SI Text, at each iteration of the string method, the mean force at discretized nodes along the string is numerically estimated by conducting field-theoretic umbrella sampling simulations. After each iteration, the string is updated according to the potential of mean force perpendicular to the string.
Results
MFEP for Edge Dislocation Dipole. As can be appreciated in Fig. 1 , the most commonly observed defects in block copolymer thin films are edge dislocations that have either an A or a B block core (13, 28) . They consist of a half-domain of A or B material terminated in the middle of the regular lamellar domain, with distorted nearby planes of the internal AB interfaces. A single dislocation is a topological defect that cannot disappear by itself. However, pairs of dislocations with opposing Burgers vectors (dislocation dipoles) can cancel each other and disappear by transferring a defect core from one lamellar domain to a neighboring stripe of the smectic structure (gliding motion). In this study, we focus on dislocation dipoles with cores of the same-species block. Fig. 2A shows the free energy difference, ΔF, along the MFEP between a defective morphology, α = 0, and a defect-free, lamellar morphology, α = 1, in units of k B T. The MFEP exhibits two barriers and one shoulder at α = t 1 , t 2 , and t 3 , respectively. The morphologies for these three points along the MFEP are shown in Fig. 2B . The red contours correspond to the internal AB interfaces where A and B species having a vanishing local density difference.
A first transition state is observed at t 1 ≈ 14=127; it has the highest free energy barrier along the path. A commitor probability analysis, according to procedures outlined in SI Text, indicates that this first transition state does correspond to a commitor probability of 0.5 (Fig. S1 ). The first transition state corresponds to the formation of a partial connection (a "bridge") between one edge dislocation and the neighboring bent A layer (marked as 1 in Fig. 2A , Inset). A full connection will then break the branched B domain that surrounds the A core and transfer the edge dislocation by half a lamellar period, hereby switching into a B core edge dislocation (gliding motion). We emphasize here that the position of the peak in the MFEP corresponds to the incipient state connecting the A domains from two different regions, where a molecular bridge is built between them; the "transition" bridge typically comprises a handful of molecules, and a more detailed molecular-level analysis of its characteristics is provided in SI Text and in Fig. S2 . The downhill descent after that first peak corresponds to the growth of the bridge. Once it attains a certain size-but before it detaches from the B domain-it enters a long-lived metastable state.
Bridge formation incurs an enthalpic penalty, associated with A blocks straddled over a chemically incompatible B-rich domain. The formation of the excess interfacial area during the annihilation process contributes to the free energy barrier. However, the precise position of the local maximum (plateau) of the interfacial area is located slightly after the barrier of the MFEP. The corresponding changes in the total bonded energy (chain stretching) and interfacial energy along the reaction path are shown in Fig. S3 . Those energies reveal that, in addition to the energetic contributions incurred by a growing interface, the narrow connection of the A domains that is necessary to initiate the bridge alters the molecules' configurations, which become stretched. This behavior is reminiscent of what is seen when polymer chains transfer between a double potential well (29) . As can be seen in Fig. S4 , the interfacial area increases after defect annihilation, but the decrease in the magnitude of the bonded energy is larger than the increase in the interfacial energy, leading to an overall decrease of the free energy along the pathway. Note that the magnitude of the difference in the sum of bonded and interfacial energy between the defective (α = 0) and defect-free (α = 1) states matches the defect formation energy estimated from the MFEP, serving to provide a consistency check on the analysis presented here. Also note that the transition state for the incipient connection between the A domains can occur at either the top (air surface) or the bottom (nonpreferential substrate) of the lamellae. Bridge formation in the middle of the polymer film is less advantageous than near the surface; this is due to the neutrality of the bottom and top surfaces, and the higher probability of finding a chain end near the surface (for entropic reasons). Moreover, the depletion layer that arises near a hard wall leads to fewer polymer segments, thereby facilitating bridge formation in a region that exhibits fewer AB contacts.
Once a bridge is formed, it can grow more easily via the parallel motion of polymer chains along the AB interface; chains can migrate into the intermediate B domain by moving along the newly formed interface, without incurring unfavorable contacts between A and B segments. The possibility of having chains cross the domain through the bridge is presumably higher than that of crossing without a bridge, by an amount proportional to expð−χN=2Þ (27) .
For completeness, we also compare the results of our string calculation to those of unrestrained, dynamic Monte Carlo (MC) simulations. Note that MC simulations with single-bead displacements have been demonstrated to capture the time evolution of morphological changes in block copolymer melts (30, 31) ; some of our diffusive MC simulation results for defect annihilation are shown in Fig. 3A . One can see that the sequence of morphologies identified here for different values of α along the MFEP are qualitatively consistent with those observed in MC simulations. This agreement serves to indicate that the order parameter adopted here for MFEP calculations is appropriate, and that there are no additional bottlenecks in the kinetics that arise from the single-chain dynamics in the complex morphology of the transition state. Also note that, when χN is small, ΔF b is comparable to the thermal energy, and the concept of the MFEP as the typical, well-defined transformation path breaks down.
The MC simulations can also be used to examine single-chain, center-of-mass trajectories during the transition period. Fig. 3 B and C shows center-of-mass trajectories for chains located near the bridge area during a fixed time interval. Fig. 3B depicts trajectories before the bridge is formed, and Fig. 3C presents trajectories for the same chains after the bridge has formed. The simulations confirm that the chains cross the domain after the bridge has been formed; otherwise, they move primarily along the interfaces. This view is supported by simulations and experiments on diffusion of block copolymer chains in bulk lamellar morphologies; diffusion is anisotropic, and is slower along the direction perpendicular to the interface than along the direction parallel to the interface (32, 33) .
Once the A block wets the surface completely (either from the bottom or the top), but before it completely fills region 1 (compare Fig. 2A ) with A segments across the entire film, the MFEP exhibits a second free energy barrier, t 2 , corresponding to the formation of a bridge on the other core of the A dislocation. This second bridge is formed in a manner analogous to that of the first transition state. Bridge formation leads to depletion of A blocks in the bent region (indicated by number "3"), thereby facilitating the connection of the B domain (bright region) in the middle; the third peak corresponds to B bridge formation in region 3, but has a much smaller height (or is a shoulder).
Note that the MFEP follows the 3D kinetic pathway not only for the transition states but also for long-lasting metastable states that may exist in between. Traditional experimental SEM images of the top of the film are unable to reveal the morphological changes that occur across the film. These changes, however, can 4 . The 3D structure of DSA dislocation defects obtained from TEM tomography (Top), along with predicted metastable state along the MFEP (Bottom). For clarity, the region corresponding to the evolving defect is highlighted with a yellow contour in both simulations and experiments. For 3D TEM tomography, alumina was grown in three cycles of sequential infiltration synthesis (SIS); the polymer was then etched using oxygen plasma, leaving behind an alumina nanostructure that follows the polymethyl methacrylate (PMMA) domains.
be extracted from a recent experimental technique, namely 3D TEM tomography (34) . Experimental details are provided in SI Text. Our measurements are shown in Fig. 4 , along with the corresponding simulated morphologies, and confirm the existence of the 3D metastable states identified by the MFEP.
Effect of Segregation Strength. Having established the validity of our pathway predictions by comparison with experiment and dynamic simulation, we now examine in a systematic manner the effect of material characteristics, in the form of the segregation strength, χN, on the barriers, ΔF b , along the MFEP and the excess free energy, ΔF d , of defects. The periodicity and width of the guiding stripes are properly rescaled according to the natural domain spacing of lammellar, L 0 , corresponding to different χN. The effects of additional chain compression and stretching of chains (12, 35) are therefore excluded here. Fig. S5 shows the MFEPs for χN = 20, 25, 30, and 37. For all χN considered here, the MFEPs between a dislocation dipole and a defect-free lamellar morphology exhibit three peaks (or two peaks and one shoulder at smaller χN), showing that, regardless of χN, the system follows a unique topological pathway for defect removal, but with different ΔF b and ΔF d . Fig. 5 presents ΔF b (black) from the first peak and ΔF d (blue) as a function of χN. The solid line corresponds to results for 3X guiding stripes of W = L 0 =2 and ΛN = 0.5 (see Fig. 2 ), whereas the dashed lines correspond to assembly without chemical patterns, on homogeneous neutral substrates. As discussed in MFEP for Edge Dislocation Dipole, the free energy barrier is related to the penalty associated with A blocks bridging the B domain. Fig. 5 shows that the free energy barriers decrease as the segregation strength decreases, because the free energy penalty is proportional to χN. Moreover, as χN becomes smaller and approaches the order-disorder transition (ODT), the width of AB interfaces becomes wider and the magnitude of fluctuations also increases, making it much easier for chains to make connections with neighboring domains. At the same time, the thermodynamic driving force ΔF d decreases monotonically as χN decreases, because the excess free energy due to the distorted internal AB interface decreases. Note that past self-consistent simulations of graphoepitaxy in two dimensions (12) and chemoepitaxy in three dimensions (27) predicted that ΔF b and ΔF d depend almost linearly on χN. Also note that such self-consistent field calculations predict a vanishing ΔF b before χN reaches the ODT (by extrapolation of the ΔF b vs. χN curve for a neutral substrate) (27) . Similarly, our particle-based simulations show that free energy barrier heights decrease linearly with χN for both chemically patterned (solid black line in Fig. 5 ) and neutral substrates (dashed black line). In agreement with these selfconsistent field calculations and computer simulations (13) , ΔF d is found to be large-on the order of 100 k B T-even for smallest χN where defects exist; again, this result emphasizes that the probability of forming defects at equilibrium is extremely small. In experiments, defects arise in the process of structure formation (via spin casting, for example); defect removal is an activated process, and free energy barriers proportional to χN help stabilize them.
One important practical consideration is to identify optimal annealing processes for defect removal. The segregation strength, χN, can be manipulated through temperature or solvent concentration, and these two variables can be controlled in experiments to achieve optimal results, i.e., low defectivity in short processing times. Ideally, one would seek to find conditions having small ΔF b and large ΔF d . Li et al. suggest that the region around χN ⋆ = 18 for neutral substrates (or larger values for dense guiding patterns) provides the best condition for defect annihilation on nonpreferential substrates or dense guiding patterns (27) because the excess free energy ΔF d of defects significantly exceeds the thermal energy k B T, yet the free energy barrier ΔF b , which separates the metastable defect from the perfectly ordered structure, is small compared with k B T, i.e., there exists a certain range of temperatureor solvent concentration or molecular weight-where thermal fluctuations remove defects but do not create new ones. In the following, we explore the defect removal mechanisms for guiding patterns with density multiplication and more complex defect structures by computer simulation. Table  S1 . At this point, it is important to emphasize that the strain field that accompanies a dislocation decays with the distance from the core. These strain field-mediated forces result in an attraction between dislocations with opposite Burgers vectors, and the metastable dislocation dipoles correspond to situations where these forces disappear. Previous studies of the free energy associated with isolated dislocations relied on thermodynamic integration (13) and examined finite-size effects. Such studies confirmed that the defect formation free energy, ΔF d , reaches its asymptotic value for sample sizes comparable to those considered here. For a dislocation pair having opposite Burgers vectors, a screening of the strain fields is expected in the far field. Strain field effects are therefore smaller for dislocation pairs, and the excess free energy and the barrier should not exhibit significant finite-size effects. These predictions are confirmed by results from simulations of adjacent dislocation dipoles in simulation boxes of varying sizes. When the simulation box size is small, the interaction and distortion by neighboring dislocation dipoles (via the periodic boundary conditions) increases the defect formation energy, ΔF d , and destabilizes the defects (the free energy barrier height is smaller). However, when the system size is sufficiently large, at approximately L x ≈ 6L 0 , our calculations show that both ΔF b and ΔF d reach their asymptotic limits, thereby leading us to place the characteristic dimension of the strain field at around 6L 0 . All results reported here are from simulations with L x = 6L 0 .
In contrast to the case with a homogeneous substrate, 3X guiding stripes that attract the A block with ΛN = 0.5 reduce ΔF b by about 20%. The magnitude of expðΔF b =k B TÞ, which is proportional to the time scale for crossing the first transition state and reaching the second metastable state, decreases by a factor of five with respect to the transition time observed on the neutral substrate. This result shows that guiding stripes on a chemically patterned substrate facilitate defect annihilation significantly, even when those defects are not directly on top of the guiding stripe. Importantly, calculations for guiding stripes that deviate from perfect commensurability reveal that the thermodynamic equilibrium morphology is not affected, but that the kinetics of DSA (i.e., the time required for defect removal) can vary considerably. As explained in SI Text, we also considered the magnitude of barrier heights as a function of the relative position of a defect to the guiding stripes. Surprisingly, we found that when one of the edge dislocations lies on the guiding stripe, it is harder to remove the associated defect than when it is on a neutral background (Fig. S6 and Table S2 ).
Dislocation Dipoles Separated by Multiple Lamellae. At this point, it is instructive to note that, although the kinetic barriers for adjacent dislocation dipoles are predicted to be small for low values of χN, experimentally observed defect densities can, in some cases, be large. The answer to this apparent contradiction is that previous studies were limited to cases where the two edge dislocations were located next to each other. Generally, the initial stages of structure formation lead to dislocation dipoles that are apart in both the perpendicular and parallel directions to the stripes. The strain energy of dislocations leads to an attractive force between them, causing them to gradually approach each other by a "climbing" or a "gliding" motion (36) . Here, climbing refers to an edge dislocation displacement along the stripes, and perpendicular to the Burgers vector; gliding describes a defect movement perpendicular to the internal AB interfaces. Unlike the defects in solid crystals, in which climbing by the emission or absorption of vacancies is more difficult, defects in block copolymer thin films are expected to exhibit a slower gliding motion, because gliding necessarily involves interdiffusion across domain boundaries and interface destruction, a highly unfavorable process due to the enthalpic penalty for block mixing mentioned earlier. Climbing motion, on the other hand, can be achieved via relatively inexpensive chain displacements parallel to the interfaces. These views are confirmed by recent experiments by Tong and Sibener, who monitored the dynamics of layered structures of cylinder-forming block copolymers confined in a channel (36) .
In response to the strain field-mediated interactions, dislocation cores with opposite Burgers vectors attract each other and climb along the stripes until they reach a metastable, force-free configuration. Here we therefore focus on gliding motion out of this metastable configuration, and examine how barrier heights vary for each of the peaks as the perpendicular distance between edge dislocations varies. Fig. 6 presents the MFEP of dislocation dipoles separated by two lamellar periods at χN = 20. As shown in the representative configurations of the initial defect configuration, two edge dislocations are located right next to the A-attractive guiding stripes, and intermediate curved domains are located on top of the neutral domain. Along the defect annihilation path, there is a small first barrier that corresponds to bridge formation of the bright B blocks, followed by a downhill descent corresponding to the growth of the bridge (increasing the wetting layer of B). Another small barrier and a downhill section follow as the bridge of the B block on the other side forms and grows. Approximately at the reaction coordinate α = 0.3, the system reaches a 3D metastable structure. Beyond that structure, the free energy rises again. This uphill process is associated with the formation of the B bridge, and is followed by transition states with a large barrier height. This first transition state has a slight connection of the red A domain, which occurs after the B bridge increases on one side, as shown in the fifth morphology of Fig. 6B . When the connected A domain vanishes completely, the B core edge dislocation is transferred into an A core edge dislocation. A similar transition occurs on the other side, and eventually results in a dislocation dipole with a reduced distance of L 0 . The morphology of this dislocation dipole is the same as that of the initial defect structure (tight dislocation dipole) studied in MFEP for Edge Dislocation Dipole, and the subsequent portion of the MFEP is the same as the black curve in Fig. S4 for χN = 20. We would like to emphasize that, although the barrier height for annihilation of dislocation dipoles that are adjacent to each other is predicted to be very small, if the two edges of a dislocation pair are initially apart, the system must first cross transition states having much larger barrier heights, on the order of 15 k B T, even for materials having a small χN = 20. This is more than 3 times larger than the barrier height for dislocation dipoles that are adjacent to each other.
Note, additionally, that the kinetic pathway for defect removal consists of multiple barriers and metastable states and that the probability of a metastable state going back in the direction toward the original defect state is not negligible, i.e., the system performs a stochastic jump process between the metastable states.
These observations help explain the higher defect density that is sometimes observed in experiments, and emphasizes that, for DSA, it is important to know how barrier height ΔF b varies as a function of the distance between dislocations. Previous experimental studies (36, 37 ) that attempted to fit data using a uniform diffusion, regardless of the distance between dislocation dipoles, were unlikely to capture the diffusion of moving defects.
Conclusions
We have examined the MFEP for defect annihilation of dislocation pairs in lamellar structures of block copolymer thin films, with an emphasis on industrially relevant DSA strategies that rely on a chemically patterned substrate and density multiplication. Multiple metastable states, separated by free energy barriers, arise along the MFEP. The largest barrier height, ΔF b , for a tight dislocation dipole corresponds to the formation of a first transition state in which a molecular bridge connecting the edge and the nearest curved domain is initiated. From a Kramers-like approach, the transition time is expected to be exponentially proportional to ΔF b . This will therefore be the most time-consuming step along the path. MFEP and diffusive MC simulations, which can predict the evolution of morphologies, show that once a bridge is formed, it can grow rapidly as additional molecules travel through the growing bridge. The proposed mechanism of bridge formation and growth is confirmed by experimental measurements using 3D TEM tomography. As the incompatibility between blocks, χN, increases, the defect formation energy ΔF d also increases. At the same time, however, the barrier height ΔF b increases. Thus, we anticipate that even for the large thermodynamic driving forces that arise in high-χN materials, defect annihilation is inhibited by the presence of large kinetic barriers. We have also shown that a chemical pattern helps reduce barrier heights significantly, even for defects located on the neutral background. The annihilation time can therefore be reduced by a factor of five with respect to the case of a homogeneous surface without any guiding patterns. Finally, we showed that kinetic barriers are very sensitive to the distance between dislocations. The barrier height of a dislocation dipole separated by two layers requires more than 4 times the activation energy for them to approach each other and annihilate. This finding suggests that the density of defects separated by multiple lamellae should be much higher than that of adjacent dislocations.
